Culture supernatants of Bordetella pertussis are a brilliant yellow; however, the structure and biological role of the responsible pigment have not been investigated. In this study, a brilliant yellow-colored fraction was extracted from culture supernatants of B. pertussis and analyzed by HPLC. UV-visible spectral analysis and mass spectrometry identified the brilliant yellow pigment as riboflavin. Riboflavin production was high in lag and early log phases and riboflavin was found to enhance growth of B. pertussis in low-density cultures. Riboflavin production is not regulated by the BvgAS system. In addition, it was found that other Bordetella species, such as B. parapertussis, B. holmesii and B. bronchiseptica, also release riboflavin into their culture supernatants. This is the first report that B. pertussis secrets riboflavin to the extracellular space and that riboflavin may promote its growth. The mechanism may be associated with pathogenesis of B. pertussis.
Bacterial strains and growth conditions B. pertussis Tohama I, B. parapertussis 12822, B. holmesii ATCC51541 and B. bronchiseptica RB50 (10-13) were grown for 4 days at 36.5°C on BG agar. For seed culture, bacteria on BG agar were harvested, suspended in S/S medium (14) , inoculated at 1.0 Â 10 9 cells/mL into 20 mL of S/S medium in 50 mL conical tubes (TPP, Trasadingen, Switzerland) and cultured for approximately 24 hr at 36.5°C with agitation (185 rpm).
Identification of riboflavin in B. pertussis culture supernatants B. pertussis seed cultures were inoculated at 2 Â 10 9 cells/ mL into 250 mL S/S medium in Rue bottles and grown for 7 days at 36.5°C under static conditions. The cultures were then centrifuged (13,400 g, 30 min, 4°C) and the supernatants collected, sterilized through 0.2 mm polyether sulfone membranes (TPP) and loaded into a Sep-Pak C18 solid extraction column (Waters, Milford, MA, USA). The column was then washed with 3 mL of milliQ water and the bound material eluted with methanol containing 0.002% (v/v) HCl. The crude extract was then subjected to HPLC and LC-ESI-MS.
Reversed-phase HPLC
Analytical HPLC was performed using an Agilent 1100 series system (Agilent Technologies, Santa Clara, MA, USA) equipped with a Symmetry C 18 column (2.1 Â 150 mm, with 3.5 mm spherical particles; Waters) connected to a photodiode array detector to collect UV-visible spectral data. Acetonitrile and 0.05% phosphoric acid in water were used as the mobile phases; elution was performed using a 5%-100% acetonitrile linear gradient, which was applied for 20 min at a flow rate of 0.2 mL/min. All chromatography procedures were conducted at ambient temperature.
LC-ESI-MS analysis
LC-ESI-MS was performed using an AB Sciex QSTAR Hybrid LC/MS/MS System (AB Sciex, Framingham, MA, USA) coupled to an Agilent 1200 series system equipped with an Inertsil ODS-4 column (3.0 Â 250 mm; GL Sciences, Tokyo, Japan); column temperature was maintained at 40°C. Water with 2 mM ammonium acetate and methanol with 2 mM ammonium acetate were used as mobile phases. Linear gradient elution was performed with 5%-100% methanol/2 mM ammonium acetate for 30 min at a flow rate of 0.5 mL/min; spectral data was collected using a photodiode array detector. Fragmentation was recorded for 30 min in the m/z region from 100 to 2000 Da using the following conditions: ion spray voltage, 5500 V; source gas, 50 L/min; curtain gas, 30 L/min; decluttering potential, 50 V; focusing potential, 250 V; temperature, 450°C; detector voltage, 2300 V; and cone voltage, 20, 35 and 50 V.
Functional characterization of riboflavin
The kinetics of riboflavin production were analyzed by inoculating B. pertussis Tohama I at 2 Â 10 9 cells/mL in S/S medium and incubating the bacteria for 1, 2, 3, 4, 5 and 6 days at 36.5°C. The cultures were then centrifuged at 13,400 g for 30 min at 4°C. Supernatants were extracted using a Sep-Pak C18 solid column and riboflavin content quantified by HPLC.
To determine whether riboflavin induces B. pertussis growth, bacteria were grown to logarithmic phase (OD 650 ¼ 0.3-0.5) and used to inoculate 4 mL of 10 mg/mL riboflavin-containing S/S medium at a density of 0.01 Â 10 9 or 0.1 Â 10 9 cells/mL. Bacteria were cultured for 7 days at 36.5°C with agitation (200 rpm) in glass test tubes (16.5 Â 100 mm; AGC Techno Glass, Shizuoka, Japan) and cell growth assessed by assessing OD 650 values using a miniphoto 518R spectrophotometer (TAITEC, Saitama, Japan).
To examine the dose-response effect of riboflavin on B. pertussis proliferation, bacteria were grown to logarithmic phase as described, inoculated at 0.01 Â 10 9 cells/mL in S/S medium supplemented with 0.1, 0.5, 1, 5, 7.4 or 10 mg/mL riboflavin and cultured for 4 days; cell growth was assessed by measuring OD 650 .
To investigate regulation of riboflavin production by the BvgAS sensory system, bacteria were inoculated at 2 Â 10 9 cells/mL in 5 mL of S/S medium in 25 cm 2 tissue culture flasks (TPP) and cultured for 3 days under static conditions at 25°C or 36.5°C. The culture supernatants were extracted using a Sep-Pak C18 solid column and riboflavin release evaluated by HPLC.
Statistical analysis
The results are presented as the mean AE SD. Statistical significance for differences between groups was examined by t-test or ANOVA with Bonferroni's post-hoc tests. Pearson's correlation and probability were calculated using GraphPad Prism version 6 (Graph Pad Software, La Jolla, CA, USA); P values less than 0.05 were considered to denote statistical significance.
RESULTS
Identification of the brilliant yellow pigment produced by B. pertussis
The pigment released into the culture supernatant of B. pertussis Tohama I was concentrated using a Sep-Pak C18 column and further analyzed by HPLC, which revealed a main peak at a retention time of 6.5 min, with a UV-visible spectrum characterized by l max ¼ 226, 268, 370 and 450 nm. LC-ESI-MS indicated that the brilliant yellow pigment has a molecular weight of 376 based on the pseudo-molecular [MþH] þ ion at m/z 377.16, suggesting that the pigment is riboflavin. This result was supported by UV-visible spectrum and MS profiles and the retention time of the brilliant yellow pigment as determined by HPLC and LC-ESI-MS, which completely matched those of the riboflavin standard. Taken together, these data indicate that the brilliant yellow pigment produced by B. pertussis is riboflavin.
Time course of riboflavin accumulation in B. pertussis culture supernatants
The kinetics of riboflavin production by B. pertussis Tohama I was analyzed in cultures grown for 1, 2, 3, 4, 5 and 6 days at 36.5°C by HPLC. Accumulation of riboflavin in culture supernatants was observed during the lag and log growth phases; however, the amount of riboflavin decreased in the stationary phase (Fig. 1a) . Furthermore, the amount of riboflavin in culture supernatant per B. pertussis cell was calculated (bacterial growth was evaluated by assessing OD 650 values based on a standard curve). The amount of riboflavin per cell (ng/cell) was high starting from the lag phase to early log phase, but decreased in the mid-log growth phase (Fig. 1b) .
Riboflavin accelerates growth of low-density B. pertussis populations
Given that riboflavin production in culture supernatants of B. pertussis is high during the lag and early log growth phases, it was hypothesized that these bacteria synthesize riboflavin to promote their own growth when population density is low. The effect of riboflavin on growth of B. pertussis was therefore investigated.
It was found that B. pertussis Tohama I grows faster in the presence of 10 mg/mL riboflavin when bacteria are inoculated at a density of 0.01 Â 10 9 cells/mL ( Fig. 2a) , but not at the higher density of 0.1 Â 10 9 cells/mL (Fig. 2b) . Next, proliferation of B. pertussis Tohama I in the presence of different riboflavin concentrations was examined and it was found that bacterial proliferation is promoted by riboflavin concentrations of 7.4 mg/mL and higher ( Fig. 3) , suggesting that riboflavin accelerates growth of B. pertussis in a dose-dependent manner.
A specific inhibitor reverses the growth-stimulating effect of riboflavin To determine the specific effect of riboflavin on growth of B. pertussis, the bacteria were cultured with the competitive riboflavin inhibitor lumiflavin, which lacks the riboflavin side chain. B. pertussis Tohama I was grown in medium containing riboflavin (10 mg/mL) and various concentrations of lumiflavin (0, 10 or 100 mg/mL) for 4 days at 36.5°C. The results indicated that lumiflavin inhibits growth of B. pertussis Tohama I in a dose-dependent manner, starting at 10 mg/mL and completely inhibiting growth at 100 mg/mL (Fig. 4) . A significant correlation was observed between OD 650 values of B. pertussis culture and lumiflavin concentrations (r ¼ À0.9040, P ¼ 0.0008), indicating that riboflavin stimulates growth of B. pertussis Tohama I.
Other Bordetella species also release riboflavin Next, whether other Bordetella species (B. parapertussis, B. holmesii and B. bronchiseptica) produce riboflavin was determined. B. parapertussis and B. holmesii, similar to B. pertussis, infect the human respiratory tract and cause pertussis (1), whereas B. bronchiseptica is an animal pathogen that infects cats, dogs and pigs (1, 15 (16, 17) . To determine whether release of riboflavin by B. pertussis into the medium is regulated by the BvgAS system, the bacteria were cultured for 3 days under static conditions at 25°C or 36.5°C. Virulent B. pertussis secretes a surface protein, filamentous hemagglutinin adhesion. In addition, the cells/mL (white circles, riboflavin-containing medium; white squares, riboflavin-free medium). The data are presented as the mean AE SD (n ¼ 3). Asterisks indicate significant differences compared with the corresponding results for the riboflavin-free medium group (P < 0.05). The data are presented as the mean AE SD (n ¼ 3). Asterisks indicate significant differences compared with the results for the riboflavin-free medium group (P < 0.05). conditioned medium of B. pertussis Tohama I cultured at 36.5°C but not at 25°C was found to have hemagglutination activity, suggesting that at low temperatures the bacteria switch to the Bvg À phenotype. Riboflavin accumulation in culture supernatants was measured by HPLC and there was found to be no difference between the Bvg þ and Bvg À phases in the amount of riboflavin per B. pertussis cell (Fig. 5) , suggesting that riboflavin synthesis is not regulated by the BvgAS system.
DISCUSSION
It is known that B. pertussis releases a brilliant yellow pigment into culture supernatants; however, the pigment has not yet been characterized. In this study, we extracted a brilliant yellow pigment from the conditioned medium of B. pertussis Tohama I and successfully isolated it by HPLC. The retention time as determined by HPLC, UV-visible spectrum and LC-ESI-MS indicated that the pigment is riboflavin. Many organisms can synthesize riboflavin, which serves as a precursor to flavin cofactors such as flavin mononucleotide and flavin adenine dinucleotide (18) (19) (20) (21) . These compounds are essential for oxidoreductase activity, indicating that riboflavin is important for cell physiology. Indeed, the B. pertussis genome contains the rib operon, which regulates biosynthesis of riboflavin (20) . However, only a few reports have described secretion of riboflavin into the extracellular space (22) (23) (24) and there have been no such reports on pathogenic bacteria so far.
Here, we found that B. pertussis Tohama I releases abundant riboflavin into culture supernatants during the lag and early log growth phases; however, riboflavin in culture supernatants decreases from the late log to the stationary phase (Fig. 1) . These findings suggest decrease in riboflavin production, decay in culture and/or consumption by the bacteria. It would be important to examine riboflavin incorporation into bacterial cells and its metabolites using radioactive-labeled riboflavin. We hypothesize that riboflavin plays a role in stimulating growth of B. pertussis because it accumulates mainly in lag and log growth phases. Indeed, we found that addition of riboflavin accelerates growth of low-density B. pertussis Tohama I cultures (Figs. 2, 3) . We did not see acceleration of growth when we inoculated 10-fold higher concentrations of bacteria (Fig. 2b) , probably because dense populations of bacteria can produce sufficient riboflavin to stimulate their own proliferation. On the other hand, it may suggest that riboflavin is more readily consumed by these bacteria in dense populations, in which case riboflavin may not stimulate bacterial growth. To clarify this point, an experiment involving incorporation of radioactive riboflavin into bacterial cells would be necessary. We plan to carry out such an experiment in the future. We found that stimulation of B. pertussis growth by riboflavin is dose-dependent (Fig. 3) and is downregulated by the riboflavin inhibitor lumiflavin (Fig. 4) , indicating the specificity of this effect. Taken together, these data suggest that B. pertussis Tohama I produce riboflavin to support their own growth. As seen in Figure 3 , growth stimulation of B. pertussis Tohama I is observed when riboflavin is added to S/S medium at a higher concentration (7.4 mg/mL) than that of naturally released riboflavin (approximately 0.3-0.7 mg/mL). This discrepancy may be attributable to the growth mode of B. pertussis. Menozzi et al. have reported that B. pertussis can be found in vitro as aggregates (25) , which corresponds to the agglutination of this pathogen in the host trachea during proliferation (26) . In such conditions, bacterial cells are very close to or in contact with each other, meaning that riboflavin could reach very high local concentrations. However, in our Each Bordetella organism was inoculated at 2 Â 10 9 cells/mL into 250 mL S/S medium in 1-liter glass Rue bottles and cultured at 36.5°C for 7 days under static conditions. Riboflavin was measured by HPLC. The data are presented as the mean AE SD of three experiments. experiment, B. pertussis cells inoculated in S/S medium were dispersed and the concentration of riboflavin in the microenvironment around each cell was not high enough for growth stimulation.
We also examined riboflavin production by other Bordetella species including two human pathogens and one animal pathogen. Of these, B. parapertussis is the second major species that causes pertussis in humans (27) , whereas B. holmesii, which was first identified based on its association with septicemia (12) , has also been recognized as a causative agent of pertussis (28) . In contrast, B. bronchiseptica is known to infect various animals via the respiratory tract, causing systemic infection (1, 15) . Our results indicate that all four of these Bordetella organisms release riboflavin into culture supernatants. This observation suggests that the mechanisms of riboflavin production and release into the extracellular space are conserved in these pathogenic Bordetellae.
We also investigated whether riboflavin release is regulated by the BvgAS system, which controls the virulence of Bordetella species (16, 17) . Synthesis of virulence-associated antigens is repressed in the Bvg À phenotype, which is induced in response to environmental signals such as low temperature and high MgSO 4 concentration (16, 17) , whereas the Bvg þ phenotype is virulent. Bvg þ B. pertussis cultures are brilliant yellow in color, whereas non-virulent Bvg À cultures are offwhite (29) . We therefore hypothesized that the BvgAS system is involved in riboflavin production, especially considering that in our experiments B. pertussis cultures at low temperature were off-white. However, our results indicate that accumulation of riboflavin in culture supernatants of B. pertussis Tohama I of the Bvg À and Bvg þ phenotypes are similar, suggesting that riboflavin production is not regulated by the BvgAS system; the same has been shown for the Bordetella iron-chelating siderophore alcaligin (30) . It is possible that the off-white color of the culture supernatants from B. pertussis of the Bvg À phenotype was caused by poor bacterial growth at low temperatures.
The mechanism(s) underlying B. pertussis growth stimulation by riboflavin are unclear. Riboflavin can serve as a source of flavin cofactors such as flavin mononucleotide and flavin adenine dinucleotide and one possibility is that B. pertussis releases riboflavin into the extracellular milieu to facilitate growth of neighboring cells. Riboflavin is a water-soluble vitamin and cannot therefore pass through the cell membrane; therefore, B. pertussis should have a membrane transport system for riboflavin. Nine proteins (RibU, RibM, RibN, RibV, RibZ, RfnT, RfuABCD, RibXYZ and ImpX) are known to be riboflavin importers in other bacteria (31) . Of these, RfnT, which is known to be a major riboflavin transporter in several bacterial species, can facilitate the trans-membrane transport of various substrates, including ions, sugar phosphates, drugs, nucleotides, amino acids and peptides (31, 32) ; B. pertussis Tohama I contains the RfnT homolog BP2600 (47% sequence identity with 92% coverage). However, only two proteins, namely Bfe in Shewanella oneidensis and YeeO in Escherichia coli, which are members of the Multidrug and Toxic compound Extrusion family, have been reported to be riboflavin exporters (31, 33, 34) . We found that B. pertussis expresses some multidrug and toxic compound extrusion family proteins and are currently investigating their roles in riboflavin export across the B. pertussis membrane.
One interesting function of riboflavin that has been reported is that a nitrogen-fixing bacterium (rhizobium) Sinorhizobium meliloti secretes riboflavin to facilitate its attachment to and colonization of host plant roots (24) . It can be hypothesized that riboflavin has a similar role during interactions between B. pertussis and the host epithelium during infection. In contrast, it has been reported that riboflavin acts as an autoinducer, stimulating the quorum-sensing system in Chlamydomonas reinhardtii (22) . By quorum sensing, bacteria can regulate expression of pathogenic factors and coordinate their functions according to the population density (35) . Although there have been no studies on the quorumsensing system of B. pertussis, it is possible that riboflavin has a signaling role that is related to the population density of this pathogen.
In conclusion, we here demonstrated that the brilliant yellow pigment produced by B. pertussis is riboflavin and that this serves as a stimulator of B. pertussis growth. Further investigation is necessary to clarify the functional activity of riboflavin in B. pertussis, including colonization, interaction with the host and pertussis pathogenesis.
